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Field of the Invention 

[0001] The field of the invention relates to 
communication systems and more particularly to optical 
communication systems. 

Background of the Invention 

[0002] Methods of transmitting and receiving 
communications signals over fiber optic networks are known. 
Wavelength division multiplexing (WDM) techniques are also 
known in the context of optical communications systems. Such 
techniques have been applied to a variety of communications 
networks, including metropolitan local area networks, regional 
wide area networks and long distance communications networks. 
In fact wavelength division multiplexing is a standard 
technique used today to increase aggregate capacity in fiber 
optic communications systems. 

[0003] The prior use of wavelength division multiplexing 
techniques in fiber optic networks has generally limited the 
spectrum utilized for the transmission signal to a small 
fraction of the occupied bandwidth. This approach has been 
effective to increase capacity by combining multiple digital 
signal streams on a single fiber by using a different 
wavelength (channel) as the carrier for each of the multiple 
data streams. However as the number of separate wavelengths 
increases, there is much economic benefit to be gained from a 
more efficient utilization of spectrum. 



[0004] The current industry trend is to increase spectral 
efficiency by reducing the frequency spacing between optical 
carriers in the multiplexed transmission. It is not uncommon 
to find optical channels carrying 10 Gbps transmissions on 
frequency grids spaced at 100 GHz and 50 GHz frequency grids 
are starting to be deployed. Even at the 50 GHz frequency 
separation for the 10 Gbps signal, the spectral efficiency is 
only 0.2 bps/Hz (20%). Nevertheless it is feasible that 
wavelength division multiplexing technology can yield spectral 
efficiencies approaching 100%. 

[0005] The need to improve spectral efficiency is driven 
by economic as well as technological reasons. This is because 
£3 i n general any given component technology operates over a 
|«« limited bandwidth. Increased spectral efficiency optimizes the 
t'U effective utilization of such limited bandwidth. 

m 

Q [0006] A large spectral separation between neighboring 

I** 

optical channels in a WDM system allows for a great deal of 

Q error in absolute frequency allocation. Typically a relatively 

jjj low spectral efficiency can accommodate an optical filter that 

12 provides a flat passband over a bandwidth much greater than 

k ssti 

jy that of the signal. Thus the system can accommodate 

substantial errors in the center frequency of both laser and 
filter frequencies . 

[0007] However as the frequency grid is made narrower, 
the absolute accuracy to which laser and filter center 
frequencies must be established and maintained becomes 
increasingly important to achieve reliable system performance. 
Furthermore, increases in spectral efficiency are 
fundamentally limited when the Fourier bandwidth of the signal 
exceeds the flat portion of the filter passband width. As 
these limits are reached, transmission impairments caused by 



- 2 - 



frequency errors result. Therefore the accuracy and stability 
of the spectral components become critical performance 
parameters in WDM systems with high spectral efficiency. 

[0008] While the use of multiple optical signals for the 
transmission of information through a single waveguide is an 
effective means to increase bandwidth, the optical output 
frequency of a laser is sensitive to any of a number of 
factors (e.g. age, temperature, etc.). Hence it is well known 
the laser frequency may change during its operating lifetime. 
Alternatively, the laser itself may fail. If the optical 
carrier frequency changes by too much (or if the laser fails) , 
downstream detecting and decoding can no longer function 

□ properly in a WDM system. Therefore means to maintain laser 
frequency stability during the operational lifetime are 

ril required to enable deployment of closely spaced WDM systems. 

Q [0009] Furthermore, as frequency spacing between 

individual optical carriers is reduced, the need arises to 

Q accurately determine the laser transmission frequency for each 

\il optical signal. The ultra-high frequency of individual optical 
carriers makes such frequency measurement difficult. 

fy Nevertheless, it is important to improve spectral efficiency 
of WDM transmissions in order to achieve the most favorable 
economics while increasing the bandwidth capacity of optical 
communications systems. Thus there is a need for a method of 
measuring and stabilizing the frequency of optical carriers in 
fiber optic systems containing large numbers of optical 
wavelengths . 

Summary 

[00010] A method and apparatus are provided for 
establishing the absolute frequency of each optical carrier 
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within a communications bandwidth having a plurality of 
optical carriers separated by a predetermined frequency 
spacing. The method includes the steps of locking the free 
spectral range of a plurality of optical resonators to a 
common microwave frequency and a means of locking each of the 
plurality of optical carrier frequencies to a particular mode 
of an optical resonator. The method further includes locking 
the free spectral range of an offset resonator to a known 
microwave frequency that is different from (but close to) the 
predetermined frequency spacing and a means of locking an 
optical frequency reference source to a particular mode of the 
offset resonator. Thus an optical interrogation signal is 
created and the method further provides for mixing the optical 
interrogation signal with the plurality of optical carriers. 
The difference frequency of the interrogation signal from a 
closest optical carrier of the plurality of optical carriers 
thereby identifies the mode number of said closest optical 
carrier mode by a Vernier effect. 

Brief Description of the Drawings 

[00011] FIG. 1 is a block diagram of a system for 
measuring an optical carrier frequency under an illustrated 
embodiment of the invention; 

[00012] FIG. 2 is a block diagram of an optical 
communications system that utilizes the subject invention for 
actively monitoring each optical frequency contained in a WDM 
transmission; 

[00013] FIG. 3 depicts an optical signal generator that 
may be used by the system of FIGS. 1 and 2 to stabilize the 
free spectral range of a reference cavity and lock an optical 



carrier frequency to a particular mode of said reference 
cavity; and 

[00014] FIG . 4 shows the spectral processing that may be 
performed by the system of FIGS. 1 and 2 to determine and 
maintain absolute optical frequencies. 

Detailed Description of a Preferred Embodiment 

[00015] FIG, 1 depicts a system 10 for measuring and 
stabilizing the frequency of each individual optical carrier 
component contained in an output signal F ou -^ comprising a 
plurality of optical carrier frequencies. In such an 
embodiment, the optical carrier frequencies may be locked to 
adjacent modes of a reference resonator (or to multiple 
reference resonators that are maintained at a common free 
spectral range) . As shown, signals from a number of optical 
sources 12, 14, 16 may be combined in a multiplexing filter 20 
and transferred to a user (not shown) at a remote location 
through an optical waveguide 24 (e.g., an optical fiber). 

[00016] The optical signal generation system 10 may be 
one-way or two-way communications system that carries 
information (e.g., telephone, Internet, Intranet, Ethernet, 
CATV, etc.) using a number of optical carriers. The sources 
12, 14, 16 may be continuous wave reference frequencies or 
they may be modulated in the optical communications system 
application. Further, the frequency measurement capabilities 
of the system 10 may be able to precisely measure a frequency 
of the optical carriers whether the carriers are continuous 
wave (CW) or modulated by a plurality of communications 
signals . 

[00017] For example, the optical sources 12, 14, 16 may be 
transmitter components of an optical communication system that 



incorporates WDM techniques in a regime that supports carriers 
in a predetermined optical frequency range (e.g., 192-197 
Tera-Hertz (THz) ) and maintains adjacent carrier frequencies 
offset by a predetermined channel spacing defined by a 
particular frequency (e.g., 25 Giga-Hertz (GHz)). For 
example, if the system 10 of FIG. 1 were to have 4 carriers, 
then the carriers may be located at f]_=195 THz, f 2 =195.025 
THz, f 3 =195.050 THz and f 4 =195.075 THz. In this case, the free 
spectral range of the reference resonator to which each of 
these carriers is locked would be 25 GHz. 

[00018] Under an illustrated embodiment, a portion of the 
output F out of the communication system 12, 14, 16, 20 may be 
diverted within a coupler 22 and combined with an optical 
interrogation signal from a signal source 2 6 by a beam 
combiner or coupler 28. The combined signals may then be 
mixed in a detector 30. The resulting difference frequencies 
generated thereby may be filtered by a low pass filter 31 and 
the beat frequency of the lowest frequency component may be 
determined by a microwave frequency analyzer 32 (e.g., a 
spectrum analyzer or frequency counter) . 

[00019] As used herein, an interrogation signal is an 
optical reference signal derived from a laser source that is 
tuned and locked to a particular mode of an optical reference 
resonator wherein the free spectral range of said resonator is 
offset from that of the optical reference resonator used to 
stabilize the plurality of source lasers. The offset frequency 
between the free spectral range of the source laser reference 
resonator and that of the interrogation signal reference 
resonator results in an equivalent frequency step in the 
optical spectrum for adjacent sets of modes of the two 
resonators. This produces a Vernier effect that can be used to 



determine the absolute mode number to which a particular 
carrier frequency is locked. By choosing the offset frequency 
to be substantially smaller than the resonator free spectral 
range, conditions can be readily established wherein there is 
no degeneracy of the difference frequency between source and 
interrogation signal frequencies over wide bandwidth in the 
optical spectrum. Thus mode numbers corresponding to 
stabilized optical frequencies can be determined with absolute 
certainty over the full bandwidth of such non-degenerate 
optical spectrum. 

[00020] FIG. 2 illustrates an embodiment of the invention 
wherein the source lasers are externally modulated for 
application to a WDM optical communications system 40 suitable 
for long distance fiber optic transmission applications. Such 
an embodiment enables the plurality of source lasers to be 
utilized in a communications systems while the spectral 
processing relative to the interrogation signal is 
accomplished with CW carriers. In the embodiment, a plurality 
of optical sources 42, 44, 4 6 are independently sampled by a 
plurality of optical couplers 48, 50, 52 prior to modulation 
by a plurality of external optical modulators 54, 56, 58. The 
modulated optical signals are thereafter combined by a WDM 
multiplexing filter 60 into a single optical output 62 and may 
thereafter be transmitted to a remote user via optical fiber 
or an alternate optical transmission medium. 

[00021] The optical samples provided by the couplers 48, 
50, 52 are combined using a WDM multiplexing filter 64 and 
thereafter combined with the interrogation signal source 66 in 
optical coupler 68. The combined optical signal containing the 
plurality of independent optical carrier frequency samples and 
the interrogation signal frequency may be mixed in photodiode 



70 and the high frequency components removed by low pass 
filter 72. The difference frequency between neighboring 
optical modes of the source and interrogation signal reference 
resonators may be determined by a frequency analyzer 74. 

[00022] The frequency space between optical carriers may 
be controlled by a microwave oscillator. This is accomplished 
by utilizing said microwave oscillator to control the free 
spectral range of a reference optical resonator. A method by 
which stabilization of the resonator free spectral range may 
be accomplished has been described substantially by DeVoe and 
Brewer. 1 Because the free spectral range of the reference 
optical resonator is locked to the microwave oscillator, the 
frequency space between optical modes that are locked to said 
resonator is equal to the microwave oscillator frequency. 

[00023] FIG. 3 is a block diagram of the optical signal 
generator (e.g. 26, 42, etc.) that may be used to generate the 
optical frequencies pertinent to the subject invention 
including the plurality of optical carriers as well as the 
tunable interrogation signal frequency. Included within the 
signal generator 26 may be a stabilized laser 82 and an 
actively stabilized optical resonator comprising two mirrors 
96, 98. The stabilized laser 82 may be a semiconductor laser 
constructed substantially as described in U.S. Patent No. 
5,717,708 by the inventor of the instant application, assigned 
to the assignee of the instant application and incorporated 
herein by reference. 

[00024] The optical system depicted in FIG. 3 functions by 
collimating the semiconductor laser output using lens 86 and 
passing the resulting wave through phase modulator 88. A half- 
wave plate 90 may be utilized to adjust the orientation of the 
linearly polarized light relative to a polarizing beamsplitter 



92. Thus an optical output may be taken from the reflected s- 
polarization and the transmitted p-polarization may be 
utilized to derive the control signals. The combination of 
polarizing beamsplitter 92 and quarter-wave plate 94 functions 
as an optical circulator that provides isolation of the 
semiconductor laser from the reference resonator comprising 
mirrors 96, 98. The optical circulator 92, 94 also functions 
to direct the feedback signal comprising the optical resonator 
96, 98 reflection to illuminate the photodiode 114. 

[00025] The feedback circuit that stabilizes the 
semiconductor laser 82 to a mode of optical resonator 
comprising the mirrors 96, 98 functions at frequency C0i of RF 

h sis 

□ oscillator 102. Under the illustrated embodiment, frequency 

Q 

(M modulation (FM) sidebands at frequency COi are AC coupled by 
!<P capacitor 104 and imposed upon the semiconductor laser 
^2 spectrum by direct modulation of the laser injection current. 
« The frequency (Oi is chosen to be substantially greater than the 

{** spectral width of the resonant mode of optical resonator 
mirrors 96, 98 so that the FM sidebands offset from the 

h 35) 

Q optical carrier by G)i are completely reflected by mirror 96 
when the optical carrier is at the resonant frequency of the 
cavity mirrors 96, 98. 

[00026] The feedback loop functions by comparing the phase 
of FM sidebands at frequency COi to the frequency of the 
resonant optical mode via heterodyne mixing in the photodiode 
114. The signal at frequency (£>i is separated from the 
heterodyne spectrum by bandpass filter 112. The feedback 
signal is derived from the phase difference between the 
detected optical signal at COi and a reference at (Oi 
corresponding to the low pass filtered output of double 
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balanced mixer 106. Op-amp 108 functions as an active filter 
to amplify the feedback signal while scaling the frequency 
response of the loop. The DC coupled output of op-amp 108 is 
utilized to control the laser injection current. 

[00027] An additional feedback circuit is provided to 
stabilize the free spectral range of the optical resonator by 
controlling the optical path length between mirrors 96, 98. 
The feedback circuit that stabilizes the optical distance 
between mirrors 96, 98 functions at the difference frequency 
of RF oscillators 102 and 110. 

[00028] Under the illustrated embodiment, the FM sidebands 
at frequency CD 2 ±0)i are imposed upon the semiconductor laser 
spectrum by the combination of the direct modulation of the 
laser junction current at frequency (Oi and external phase 
modulation by phase modulator 88 at frequency CO2 . The external 
phase modulator 88 may function by the refractive index 
modulation induced via the electro-optic effect and may be 
fabricated using an electro-optic material such as Lithium 
Niobate (LiNb0 3 ) . 

[00029] The feedback circuit that is utilized to stabilize 
the free spectral range of the optical resonator 96, 98 
functions by causing the optical resonator to support the 
resonance of the phase modulation sidebands offset from the 
optical carrier by angular frequency co 2 . In the illustrated 
embodiment the error signal is derived at co 2 -COi by mixing the 
output of oscillators 102 and 110 in double balanced mixer 122 
and eliminating the sum frequency using low pass filter 124. 
The optical phase reference at frequency (0 2 - COi is separated 
from the spectrum that is coherently detected by photodiode 
114 utilizing band pass filter 120. The phase of the 
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coherently detected signal at 0) 2 -(0i is compared to the 
reference phase at co 2 -CDi in double balanced mixer 126 thus 
producing a signal suitable for feedback to stabilize the free 
spectral range of the optical resonator comprising mirrors 96, 
98. 

[00030] The DC coupled feedback signal is derived by 
filtering the detected optical phase at co 2 - co x and comparing 
the detected phase to a reference phase at cd 2 -0)i in double 
balanced mixer 126. The detected phase at cd 2 -G)i is scaled and 
filtered by high voltage op-amp 128 resulting in a signal 
suitable to control the optical length of the reference 
resonator. The optical length between the mirrors 96, 98 may 
be controlled by mounting one of the cavity mirrors 98 on a 
piezoelectric element 100 and controlling the voltage on said 
piezoelectric by the DC coupled output of op-amp 128. The DC 
component functions to adjust a length of the resonator 
cavity, thereby maintaining the free spectral range of 
resonator precisely at the frequency co 2 corresponding to 
oscillator 110. 

[00031] The stabilized optical reference resonator 
subsystem 80 may be used to generate a comb of optical 
reference frequencies wherein the frequency spacing between 
adjacent modes is determined by the free spectral range of the 
reference resonator 96, 98. The free spectral range of said 
reference resonator is actively controlled by the frequency of 
the microwave oscillator 110. 

[00032] Under the illustrated embodiment, two microwave 
frequencies are utilized to control two different sets of 
optical reference frequencies. One such frequency determines 
the spectral range between adjacent optical carriers in the 



WDM transmission system. The other determines the set of 
interrogation frequencies that may be utilized to determine 
the absolute optical frequency of any optical carrier within 
the WDM spectrum. 

[00033] The two microwave frequencies may be chosen so 
that within the optical spectrum of interest, the difference 
frequency between two lasers locked to a common mode number of 
the two reference cavities shall fall within a fraction of the 
WDM channel spacing. Furthermore, the difference between the 
two free spectral ranges shall be large enough that 
discrimination of adjacent mode numbers can be easily 
accomplished by simple microwave spectrum analysis techniques 
□ (e.g. a frequency counter) . 

jjjj [00034] For example, if the WDM transmission incorporates 

l| a spectral separation between adjacent channels of 25 GHz, 
Q there may be carrier signals at frequencies f]_=195 THz, 
r f 2=195. 025 THz, f 3 =195.050 THz and f 4 =195.075 THz. These 
U channels would correspond to modes of an optical resonator 
W free spectral range that is locked to a microwave frequency of 
O precisely 25 GHz. Then the free spectral range of the 
iy resonator that determines the interrogation (reference) 

frequency grid may be chosen such that f r = co 2 /(2ti) = 24.999 
GHz. Thus mode number 7800 corresponds to an optical frequency 
of 195 THz relative to the 25 GHz grid and the interrogation 
signal frequency would be 7800 x 24.999 GHz = 194.9922 THz. 
The difference frequency between the WDM signal at 195 THz and 
the interrogation signal at 194.9922 THz is 7.800 GHz. Note 
that this frequency is simply the product of the mode number 
and the difference between the free spectral of the WDM grid 
and that of the interrogation (reference) grid. 



- 12 - 



[00035] Similarly the next frequency corresponding to mode 
number 7801 would be f 2 =195.025 THz and the interrogation 
frequency would be 195.017199 THz. Thus the difference 
frequency would be 7.801 GHz and mode number 7801 is thereby 
identified. Provided that the difference frequency between the 
free spectral range of the WDM channel separation and that of 
the interrogation grid is chosen to be small enough, a unique 
difference frequency can be established for every distinct 
mode number over the bandwidth of interest in the optical 
spectrum. 

[00036] In the example considered here, the free spectral 
range difference is 1.0 MHz and the WDM transmission utilizes 
a 25 GHz grid. Full C-band coverage corresponds to difference 
frequencies ranging from 7.677 to 7.838 GHz. Thus the subject 
invention sets up a vernier effect that will identify absolute 
mode numbers corresponding to optical frequencies of the WDM 
transmission. 

[00037] The interrogation signal is tuned to the modes 
supported by the offset reference resonator and thus used to 
measure the frequency of the optical carrier signals. As 
described above (FIG. 1), the optical carrier signals are 
combined with the interrogation signal in the combiner 28 and 
mixed in photodiode 30. A difference signal between an 
optical carrier signal and corresponding interrogation signal 
(i.e. the frequency of the equivalent mode number of the 
offset reference resonator) may then be detected and the 
corresponding baseband frequency will determine the frequency 
of the nearest optical carrier. FIG. 4 depicts the optical 
signal processing accomplished by the fundamental and offset 
resonator modes. 
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[00038] Mode numbers and corresponding absolute optical 
frequencies may be determined by mixing the interrogation 
signal with the optical signal to be measured. The optical 
signal to be measured may be the combination of signals 
corresponding to the WDM spectrum or it may be an individual 
laser to be tuned to a particular optical frequency supported 
by the fundamental grid. As the interrogation signal passes 
from the signal generator 26, it couples with the information 
signals 12, 14, 16 in the combiner 28, The combined signals 
may then be mixed in a detector 30 and the lowest beat 
frequency component filtered by the low pass filter 31. A 
frequency analyzer 32 may then determine the frequency of said 
beat that corresponds to an absolute mode number determination 
of the nearest optical carrier frequency. Because the free 
spectral range of the carrier grid is known, determination of 
the mode number also determines the absolute optical 
frequency. 

[00039] It is worth noting that only the lowest frequency 
difference signals need to be detected because any other 
difference (or summation) signals relative to a particular 
interrogation signal will be at a frequency greater than that 
of the fundamental mode spacing. Thus one unique optical 
frequency is identified when the interrogation signal is tuned 
to a particular mode of the offset reference resonator. In 
this manner the lowest frequency beat always identifies the 
optical frequency of the nearest mode. 

[00040] With the proper selection of the offset reference 
resonator free spectral range, the interrogation signal may be 
used to shift each optical carrier (and associated information 
signal, if applicable) to a baseband frequency that is less 
than the free spectral range of the fundamental reference 



resonator. For a mode spacing (or information bandwidth) that 
is more or less, the frequency of the channel offset signal 
may be adjusted according to the circumstances. For example, 
if the WDM channel separation is very small, the offset 
reference frequency may also be made small so that a large 
number of independent optical modes may be identified within a 
given bandwidth. It should be noted, however, that as the 
frequency difference between the channel spacing and offset 
reference frequency decreases, the resolution of the spectrum 
analyzer (or frequency counter) must be increased in order to 
provide mode number discrimination. 

[00041] Conversely the frequency difference between the 
offset reference resonator free spectral range and that of the 
frequency grid may be chosen to be relatively large so that 
low resolution spectrum analysis techniques may be applied. 
Furthermore, there is no reason why the mode numbers must be 
matched between the interrogation signal and the nearest 
optical frequency to be measured. This allows a great deal of 
flexibility with respect to the choice of offset frequency. 
Although increasing the offset frequency will limit the 
optical bandwidth over which the technique may be applied, it 
greatly simplifies the implementation. Nevertheless, full C- 
band coverage may be realized for grids as closely spaced as 
12.5 GHz with offset frequencies as high as 40 MHz. This would 
correspond to 300 uniquely discriminated modes over an optical 
bandwidth of 3.75 THz . 

[00042] Further, the reference frequency may also be 
chosen to have a value very close to one of the information 
carriers. Choosing the reference frequency close to an 
information carrier may place the difference frequencies that 
provide mode number discrimination at relatively low baseband 
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frequencies so that the frequency counter may be implemented 
at low frequencies. However, it is important to note that the 
actual frequencies at which mode number discrimination is 
accomplished must be chosen to be substantially greater than 
the bandwidth corresponding to the short term stability of the 
locked laser frequency. Provided that this condition is met, 
the accuracy of the measurement technique described herein 
will be limited only by said short term instabilities. 

[00043] With the aid of the frequency analyzer 32, the 
contents of each slot may be examined, both for the presence 
of the carrier, and also for the information signal. Since 
each carrier is downshifted to a predetermined baseband 
frequency, there is absolute knowledge regarding which 
carriers are present and which may be absent. 

[00044] Alternatively, the contents of individual spectral 
slots may be further downshifted, one at a time, to baseband. 
Once downshifted, an information signal of the individual 
spectral slots may be detected and decoded. Detecting and 
decoding may allow for further testing and evaluation of the 
integrity of the transmission system 12. Alternatively the 
decoded transmission may be utilized as a received signal 
wherein the subject invention may function as part of a 
coherent optical communication system. 

[00045] A specific embodiment of a method and apparatus 
for measuring an optical carrier frequency has been described 
for the purpose of illustrating the manner in which the 
invention is made and used. It should be understood that the 
implementation of other variations and modifications of the 
invention and its various aspects will be apparent to one 
skilled in the art, and that the invention is not limited by 
the specific embodiments described. Therefore, it is 



contemplated to cover the present invention and any and all 
modifications, variations, or equivalents that fall within the 
true spirit and scope of the basic underlying principles 
disclosed and claimed herein. 



